ABSTRACT Experiments were conducted to confirm the existence and ontogeny of fatty acid binding protein (FABP) in the intestine and yolk sac membrane of turkey poults (Meleagridis gallopavo) during embryonic and early posthatch development. Intestinal (I-) FABP was measured using an immunoblot procedure incorporating anti-chick liver (L-)FABP antisera. FABP activity in both tissues was also confirmed with a ligand-binding assay incorporating 14 C-oleic acid. I-FABP did not cross-react with chick L-FABP antisera until hatch, embryonic day 28 (ED 28), after which there was a 39% increase in I-
INTRODUCTION
Cytosolic fatty acid binding proteins (FABP) are small molecular weight proteins (12 to 15 kDa) with high binding affinities for long chain fatty acids (Ockner, et al., 1972; Glatz and Veerkamp, 1985; Collins and Hargis, 1989) . It has been reported that there are tissue-specific proteins in rats, each with its own antigenic specificity and there may be more than one FABP expressed in a given tissue (Ockner and Manning, 1982; Bass et al., 1985; Shields et al., 1986) . The concentrations of a given FABP can be influenced by sex (Bass et al., 1985) , stage of development Rubin et al., 1989) , or dietary lipid or hypolipidic drugs (Bass et al., 1985) .
It has been proposed that intestinal (I-) FABP may be involved in dietary fatty acid uptake and utilization (Ockner et al., 1972; Ockner and Manning, 1982) . Katongole and March (1979) reported the presence of FABP in the To whom correspondence should be addressed: Lilburn.1@osu.edu.
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FABP concentration through the first 3 d posthatch (PD 3). FABP concentration calculated on a total intestinal basis (ng/intestine), however, increased 10-fold through PD 6. Specific activity [disintegrations per minute (dpm)/ mg cytosolic protein] was greatest at hatch and decreased slightly thereafter, whereas specific activity of FABP in the yolk sac membrane peaked between ED 16 and ED 19 and then declined. Total yolk sac activity (dpm/yolk sac membrane), however, plateaued at ED 22 before declining to low levels by PD 3, coincident with the period of maximal lipid transfer out of the yolk.
intestine of chickens and later observed that intestinal FABP activity was low during the first week of age (Katongole and March, 1980) . It was hypothesized that the low activity may be one factor contributing to the decreased ability of young chicks to digest and absorb dietary fats. It can be argued, however, that immediately posthatch, the poult is not faced with high concentrations of dietary fat, and so, developmentally, is there a need for intestinal FABP. In the rat fetus, both liver (L-) FABP and I-FABP are expressed in the intestine as early as 18 d of gestation with expression of L-FABP occurring earlier than I-FABP (Rubin et al., 1989) .
A tremendous amount of fatty acid metabolism and translocation occurs through the yolk sac membrane of chick embryos during the latter stages of incubation (Noble and Cocchi, 1990) . The largest proportion of lipid movement from the yolk to the developing turkey embryo occurs during the last week of incubation (21 to 28 d; Ding et al., 1995; Ding and Lilburn, 1996) . Currently, there are no reported studies that have measured FABP activity in the yolk sac membrane or intestine of turkey embryos.
A procedure that combines immunoblot development with image analysis has been used to quantify L-FABP in embryonic turkey livers (Ding et al., 2002) . When compared with traditional ligand binding assays, the aforementioned immunoblot procedure eliminates the possibility of non-specific binding of labeled fatty acids by proteins other than FABP. Ligand-binding assays, however, are still extremely valuable if tissue-specific FABP antisera are not available. The objective of the current experiment was to measure FABP activity in the intestine and yolk sac membrane of turkey poults during incubation and early posthatch development using a combination of immunoblot and ligand-binding procedures.
MATERIALS AND METHODS
The small intestine and yolk sac membrane were collected from embryos and posthatch turkey poults (Meleagridis gallopavo) at 3-d intervals beginning on Day 13 of incubation (ED 13) through 6 d posthatch (PD 6). All embryos or poults were killed by cervical dislocation. Intestinal samples were taken from the proximal end of the duodenum through the ileal-caecal junction and all sampling was done by the same individual Tissues from 6 to 16 individual embryos or poults were pooled into one sample, and four replicate pools were collected from each sampling age. The intestine and yolk sac membrane samples were immediately washed in ice-cold saline (0.88% NaCl) containing 0.2 mM phenylmethylsulfonyl fluoride (PMSF) and 1mM dithiothreitol (DTT). The washed intestine and yolk sac membrane samples were immediately blotted for external moisture removal, weighed, and frozen in liquid nitrogen. All tissue samples were kept at −70 C until further analysis. Pooled samples were ground into a powder and homogenized in a 2× volume of 10 mM potassium phosphate buffer (pH 7.4) containing 0.2 mM PMSF and 1 mM DTT. The samples were homogenized with three strokes of a Teflon hand homogenizer.
3 The homogenate was centrifuged at 10,000 × g for 15 min at 4 C. The upper fat layer and pellet were discarded. The supernatant was further centrifuged at 59,000 × g for 2 h at 4 C. The upper fat layer was again discarded and the supernatant was collected for FABP and protein analysis. Cytosolic protein analysis was determined according to Bradford (1976) using bovine serum albumin as the standard. The subcellular enzyme markers pyrophosphatase, glucose-6-phosphatase, and succinate dehydrogenase were measured to ensure that the cytosol did not contain debris from other subcellular fractions. 
Determination of Intestinal Chick L-FABP Cross-reactivity
The potential cross-reactivity of chick L-FABP with I-FABP was determined via Western blot analysis using antisera generated against chick L-FABP (Collins and Hargis, 1989) . The immunoblot and color analysis procedure has been described in detail by Ding et al. (2002) and was a modification of the method of Burnette (1981) . Aliquots of intestinal cytosolic protein (25 µg) from each of the eight developmental stages, an internal standard (12.5 µg of cytosolic protein from PD 6 poults), and a sample containing molecular weight markers 4 were applied to a sodium dodecyl sulfate/polyacrylamide gel (12.5% acrylamide). All samples were measured in triplicate. Proteins were electrophoretically separated at 100 V for 2 h and then transferred to 0.2-µm nitrocellulose membranes 5 using a Hoefer electrophoretic transfer unit 6 set at 150 mA for 3 h. Anti-chick L-FABP antisera (1:8,000) was used as the primary antibody (Collins and Hargis, 1989) . The second antibody was rabbit anti-goat IgG (1:10,000). 4 Color development was done with a mixture of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitroblue tetrazolium 7 (NBT). All blots were scanned with a Hewlett Packard scanner using DeskScan II Version 2.0 software following the procedure of Velleman (1995) . The image was analyzed by SigmaScan 8 to determine the color intensity of each band. A standard curve was developed from purified turkey liver cytosolic FABP. The color intensity of the FABP bands are reported as pixel values and background readings were deducted from each reading (Figure 1 ). The FABP concentration in each sample was calculated using the calibration curve. The intensity value of each sample was adjusted according to the internal standard (6.25 µg of PD 6 intestinal cytosolic protein) to reduce variability among different sample runs.
FABP Activity Determined by Ligand-Binding Assay
FABP activity was also determined using a modification of the procedure described by Morrow and Martin (1983) . One mL of cytosol was prepared as described previously and applied to a Sephadex G-75 gel filtration column 9 (1.75 × 75 cm; 1 mL/min) to separate FABP from other, larger proteins. Fractions containing FABP were collected and pooled. The separation of larger from smaller proteins was confirmed by following the separation of turkey serum albumin (TSA), a major potential contaminant, from cytochrome C, a protein of the same approximate size as FABP. The existence of an FABP cross protein that reacted with chick L-FABP antisera was positively identified by western immunoblot analysis (data not shown). Column fractions corresponding to the FABP size range were pooled for each sample and FABP activity was determined using the ligand-binding procedure of Glatz et al. (1984) . The ligand was 14 C-oleic acid, and FABP activity was estimated as disintegrations per minute (dpm)/mg cytosolic protein as well as dpm/total organ.
Statistical Analysis
Linearity of the calibration curve was tested using the PROC REG procedure of SAS software (SAS Institute, 1985) . The ontogeny data were analyzed by one-way analysis of variance using the general linear models procedure of SAS software (SAS, 1985) . Age was the main effect tested, and all values are reported as means ± standard error of the mean. Differences between age means were determined by a Duncan's means separation.
RESULTS
The small intestine weighed 60 mg at ED 16, 1.18 g at hatch (ED 28), and 6.76 g at PD 6 (Ding and Lilburn, 2000) . The yolk sac membrane weight increased from 1.76 g at ED 13 to 6.56 g at ED 22 before declining to 1.07g at PD 3. The yolk sac membrane had essentially disappeared by PD 6.
The FABP standard curve was linear (P ≤ 0.05; r = 0.993) and was subsequently used for further calculations. A typical curve showing the ontogeny of L-FABP as determined by immunoblot analysis is shown in Figure 2 . A significant age effect was observed for specific activity (ng/mg cytosolic protein) and for total activity (ng/total intestine, P ≤ 0.0001). Prior to hatch, no detectable FABP was found in intestinal samples. Intestinal L-FABP concentration increased from 730 ng/mg cytosolic protein at ED 28 (hatch) to 1.02 µg/mg cytosolic protein at PD 3 through PD 6. Overall, there was a 39% increase in intestinal L-FABP-specific activity between hatch and PD 3. Total activity increased continually, however, from 13.8 µg at hatch to 145.6 µg at PD 6, a 10.5-fold increase overall.
The ontogeny of intestinal FABP activity as determined by 14 C-oleic acid ligand-binding analysis after gel filtration was slightly different from that observed using the immunoblot analysis (Figure 3) . A small amount of measurable binding by intestinal samples was observed at ED 16 and ED 25, an 85-fold increase in FABP activity between ED 25 and ED 28 (76,631 dpm/mg cytosolic protein) and a subsequent decline through PD 6. Overall, specific activity declined 24% between hatch (ED 28) and PD 6, whereas total activity (dpm/intestine) increased almost sixfold during this same time period.
Samples of cytosol taken from the yolk sac membrane showed no cross-reactivity with anti-chick L-FABP antisera. Yolk sac membrane FABP as determined by ligand binding is shown in Figure 4 . The specific activity increased significantly from 25,699 dpm/mg cytosolic protein at ED 13 to 33,108 at ED 16, and there was no further increase through Ed 19. The specific activity declined between Ed 19 and ED 22 with no further changes at the older sampling ages. Total membrane activity increased continually from 7.3 × 10 5 dpm/yolk sac membrane at ED 13 to 4.8 × 10 6 dpm by ED 22, a 6.6-fold increase. This increase was followed by a progressive decline in total activity through PD 3. 
DISCUSSION
If non-hepatic FABP proteins cross-react with antichick L-FABP antisera, a tissue protein-specific immunoblot assay can be developed. The benefits of antigenic specificity would allow for a more precise estimation of protein concentration. Ligand-binding assays suffer from the potential of non-specific binding of labeled ligand and the subsequent need for preliminary protein separation procedures prior to the assay. In the current experiments, the latter point, protein separation, was carefully addressed prior to the assay and allowed us to conclude that any binding of labeled oleic acid was a function of FABP within the tissue.
The immunoblot assay did not detect any cross-reactive FABP in the embryonic intestine of poults until hatch (ED 28), and likewise, minimal activity was detected with the ligand-binding assay until hatch. Similar results from both assays suggest that, at hatching, the avian intestine is a relatively immature organ and the expression of FABP is representative of the many physiological processes that must develop posthatch before optimal digestion and absorption of nutrients can occur. From a nutrition standpoint, this makes sense. Newly hatched poults or chicks are faced with the challenge of transitioning from lipid and protein as primary nutrients during embryonic development to exogenous diets containing complex carbohydrates, vegetable proteins, and minimal concentrations of lipid during the first few days posthatch. The sharp increase in I-FABP at hatch may be in concert with the appearance and uptake of dietary fatty acids or from the leakage of yolk sac contents into the intestine via the yolk stalk. Although the immunoblot and ligand-binding assays suggest minimal FABP activity prior to hatch, each assay suggests somewhat different patterns of development after hatch. In rats, I-FABP and L-FABP are expressed in the intestine, and their expression is regulated by different mechanisms (Bass et al., 1985) and at different stages of development (Rubin et al., 1989) . If both forms of FABP are present in the poult intestine and are expressed at different times during the early posthatch period, this may account for the somewhat different patterns of I-FABP activity observed in these studies. Katongole and March (1980) and Sell et al. (1986) both reported significant increases in intestinal FABP-binding activity after hatch, and our posthatch results support their observations. Those authors suggested that increased FABP was one factor contributing to improved fat digestion over the first 2 wk of age in young chicks and poults.
The lack of L-FABP expression in the intestine during embryonic development of poults is different than the expression pattern observed in the liver where at ED 22, L-FABP activity is already quite high (Ding et al., 2002) . The expression pattern is also different than that observed in other species. In swine, I-FABP in intestinal mucosa is high 4 d prior to parturition and increases threefold through 7 d of age (Reinhart et al., 1990) . In rats, FABP is detectable by Day 17 of gestation and continues to increase throughout the remainder of the pregnancy (Rubin et al., 1989) . These differences are most likely a reflection that in poults or chicks the primary nutrients at parturition (hatch) are complex carbohydrates and proteins, whereas in mammals the initial nutrient source is colostrums, with its relatively high concentration of lipid.
Activity of FABP in the yolk sac membrane was detected as early as ED 13, and total activity was high from ED 19 to ED 28. During this period lipids are rapidly mobilized from the yolk and genetic differences in embryonic development are expressed (Ding et al., 1995) . The high levels of FABP during this time period also coincide with peak activity of other physiologic processes that are involved in the packaging of lipoproteins for transport into embryonic circulation (Ding and Lilburn, 2000) .
In conclusion, a specific ligand-binding assay for FABP correlated well with an immunoblot procedure using anti-chick liver FABP antisera in which there was tissuespecific cross-reactivity. Neither assay showed any I-FABP and L-FABP activity in the intestine until hatch, at which point there was a significant increase. This finding suggests that, at hatch, there is a need for I-FABP in response to dietary fatty acids or yolk-derived fatty acids that are transported to the intestine via the yolk stalk. The appearance of FABP activity in the yolk sac membrane during incubation paralleled the tremendous increase in lipid transfer from the yolk to the embryo during the last week of incubation and suggests that FABP plays a role in this process.
